Background. Increasing evidence suggests depot medroxyprogesterone acetate (DMPA) and intravaginal practices may be associated with human immunodeficiency virus (HIV-1) infection risk; however, the mechanisms are not fully understood. This study evaluated the effect of DMPA and intravaginal practices on the genital proteome and microbiome to gain mechanistic insights.
Women bear a disproportionate burden of new human immunodeficiency virus (HIV) infections in sub-Saharan Africa, accounting for 56% of new infections [1] [2] [3] . Given that a large proportion of these infections occur through heterosexual intercourse, investigations of the mucosal barrier of the female genital tract is of great interest because it is the first site of contact for HIV. Many epidemiological studies have identified behavioral, clinical, and biological factors linked to increased risk of HIV infection in women. One of these is the use of injectable hormonal contraceptives, such as depot medroxyprogesterone acetate (DMPA).
Depot medroxyprogesterone acetate is the most popular injectable contraceptive used in sub-Saharan Africa and areas of high HIV risk and has been associated with a 1.2-1.7-fold increase in risk of HIV acquisition [4] [5] [6] [7] . In addition, certain behaviors, such as vaginal washing and vaginal drying, are also popular in sub-Saharan Africa [8, 9] . Although vaginal washing with water has been associated with a 2.6-fold increased risk of acquiring HIV, vaginal washing with soap has been associated with a 3.8-fold increased risk, and vaginal drying is believed to negatively affect the mucosal barrier of the female genital tract, the impact of these intravaginal practices on the function of the mucosal barrier is not well understood [10] [11] [12] .
Mucosal surfaces play a role in natural immunity and function as an ecological niche for various microbes. Any disruption in mucosal barrier function or its homeostasis at the host or microbial level can lead to increased HIV transmission risk [13] [14] [15] . Previous studies have shown that DMPA use is associated with increased levels of mucosal inflammatory mediators, such as cytokines and antimicrobial proteins [16] [17] [18] [19] , and an increased number of HIV target cells [20] . However, the reason for this increased inflammation is unknown, and little information has been generated on how it affects microbial communities or epithelial barriers in women in vivo. Furthermore, there has been a lack of studies evaluating the effect of intravaginal practices upon mucosal barriers, leaving a considerable gap in knowledge.
Mass spectrometry-based proteomics is an ideal technique that can be used to study the metaproteome of mucosal compartments, thus allowing us to study both host and bacterial components at mucosal surfaces. We recently used this approach to study how microbial diversity and function affect mucosal barrier function [21] , mucosal processes underpinning target cell recruitment in the female genital tract [22] , and immunological changes during the menstrual cycle [23] . The purpose of this study was to use a metaproteomics approach to evaluate the effect of DMPA and intravaginal practices upon the mucosal barrier and the microbiome of the female genital tract.
Methods

Study Population and Clinical Variables
All study participants were recruited through voluntary counseling and testing centers in Nairobi, Kenya, from September 2007 to December 2009, and represent a subset of a larger cohort study presented elsewhere [24] . All study participants were HIV-exposed, seronegative women in heterosexual relationships with HIV-positive partners. Eligible participants were aged >18 years, reported sexual intercourse with their partner ≥3 times in the 3 months before screening, and planned to remain together for the duration of the study (up to 24 months). Samples analyzed in this study included those that were collected 1 year after study enrollment. The women included in the subset for this study were grouped based on birth-control method used during this time-DMPA users (n = 23) or controls not using hormonal contraceptives (total: n = 63; condom only: n = 31; tubal ligation: n = 3; copper intrauterine device: n = 1; none: n = 27; natural/rhythm: n = 1)-and based on their self-reported vaginal drying practices: women who vaginal dry (n = 46) and those who do not (n = 40). Depot medroxyprogesterone acetate users self-reported using DMPA as their current birth control method and also reported lifetime use of the method (median = 12 months; interquartile range [IQR] = 1.5-22). All participants were tested for HIV-1, bacterial vaginosis, Trichomonas vaginalis, Treponema pallidum, and herpes simplex virus type 2 and reported any symptoms of vaginitis or cervicitis at the time of enrollment. Sociodemographic variables collected from these individuals also included age, sexual frequency in the previous month, vaginal cleansing practices, vaginal drying practices, partner viral load, and relationship length. Participants with incident pregnancies during the year of study follow-up were excluded from our analysis. Written informed consent was obtained from all study participants, and ethical approval was granted by institutional review boards at University of Washington (30243), Karolinska 
Sample Collection
Samples were collected by 2 cotton-tipped swabs from the cervical os and posterior vaginal fornix. Both swabs were transferred into a vial containing 5 mL of phosphate-buffered saline, transferred on ice to the laboratory within 2 hours of collection, spun down to remove cellular debris, and cryopreserved at −80°C.
Proteomic Data Analysis
Fifty micrograms of protein from each sample were digested with trypsin and analyzed by tandem mass spectrometry using an Orbitrap Velos mass spectrometer as described previously [23] . Human peptide identity searching was performed using Mascot v2.4.0 against the SwissProt database restricting taxonomy to Human. Bacterial peptide identity searches were performed using a manually curated TrEMBL database containing the major identified genera identified from an initial search and taxa described previously by 16S rRNA studies (21 genera total) [25] . Search results were imported into Scaffold to validate the protein identifications, using the following criteria: ≤0.1% False Discovery Rate (FDR) for peptide identification, ≤1% FDR for protein identification, and at least 2 unique peptides identified per protein. Host proteome results were imported into Progenesis LC-Mass Spectrometry (MS) software to perform label-free differential protein expression analysis based on MS peak intensities. Feature detection, normalization, and quantification were all performed using default settings from the software. Microbial abundance was calculated by summing normalized total spectral counts from Scaffold for all proteins associated with each genus. Database construction and analysis details are described in the Supplementary Methods.
Statistical Analysis
Host Proteome Analysis
To adjust for underlying sources of variation within the data set, surrogate variable analysis was performed using the software R (version 3.2.2). Sociodemographic, clinical, and behavioral variables that were significantly different (P < .10) between DMPA users and controls were included in the adjustment model (Table 1 ). This included participant age, seminal exposure (semenogelin-2 levels detected by mass spectrometry), and self-reported vaginal washing and drying practices. Surrogate variable analysis selected an additional 6 surrogate variables to account for unexplained sources of variance. Proteomic data was fit to all clinical and surrogate variables using a linear model. To further eliminate any residual effects related to seminal exposure, we generated linear regression models between another seminal protein, semenogelin-1 (SEMG1), and all proteins in our data set and removed those that were significantly related to SEMG1 in our downstream DMPA-based analyses (Supplementary Table 1 ). Proteins that significantly differed between DMPA users and controls were determined by Student t test (P < .05). Hierarchical clustering was performed on proteins found to be differentially abundant between DMPA users and controls (P < .05) using complete linkage and the Kendall's tau distance metric (Gene Cluster software, version 3.0). Gene ontology and pathway associations were determined using Ingenuity Pathway Analysis software. Right-tailed Fisher's exact tests (Benjamini-Hochberg corrected) were used to calculate the probability that the association between each protein in the data set and the biological function or pathway was random. The top 5 activated and inhibited biological functions (based on the software's z scores) are included in our analysis. Vaginal drying was assessed in the same manner, with the exception of DMPA use included in the adjustment model (Table 2) .
Microbial Proteome Data Analysis
Unsupervised hierarchical clustering with average Euclidean linkage was performed in Gene Cluster (version 3.0) using genus-level microbial abundance proportions for each sample, and stacked bar charts were generated in GraphPad Prism (version 6.05). Shannon's H index diversity scores were calculated in MatLab (version R2015b), and compared between groups using Mann-Whitney U tests in GraphPad Prism.
Discriminant Analysis
Least absolute shrinkage and selection operator (LASSO) and Partial least-squares discriminant analysis were applied to select a minimal protein signature that could best distinguish DMPA users from controls. For LASSO, K-fold cross-validation was used to determine the optimum value of the tuning parameter ("s"), such that the resulting model had the lowest possible mean squared error for prediction. Partial least-squares discriminant analysis was then used to assess how accurately the LASSO-based protein signature distinguished DMPA users from controls.
RESULTS
Clinical Characteristics of Study Participants
This cross-sectional study examined cervicovaginal secretions collected from 86 Kenyan women to independently assess the association between DMPA use, as well as demographic, clinical, and behavioral factors, including vaginal drying, and the host and microbial proteome ( Figure 1) . Partner viral load and age had the smallest number of mucosal protein associations. Linear models were used to adjust for non-DMPA effects. Differential expression analysis of the adjusted data uncovered 62 proteins (13.1%) associated with the use of DMPA (Student's t test, P < .05) (Supplementary Table 1) . Factors significantly overabundant in DMPA users included components from blood (HBA1, HBB, HBD, ALAD, PPBP), inflammatory response proteins (IL36G, HMGB1, PPBP), and T-cell activation (GRB2, LCP1) ( Figure 1A ). Factors that were significantly underabundant in DMPA users included specific proteins involved in the maintenance and repair of the mucosal epithelial barrier (TFF3, GRN, F11R, KLK7, APOD, TMPRSS11E), phagocytosis (CAPG, CALR, CDC42), and protease inhibition (KNG1, SPINT1, TIMP2, SERPINF2). Gene ontology and pathway analysis showed that the major biological functions overrepresented in DMPA users were cell death, injury, and inflammation (z score > 1.3; P < .003), whereas underrepresented pathways included fibroblast proliferation and connective tissue adhesion (z score < −1.8; P < .002).
Vaginal drying was associated with 30 differentially abundant proteins (Student's t test; P < .05), as seen in comparison with women who did not practice vaginal drying (Supplementary Inflammatory response proteins found to be overabundant in DMPA users are highlighted. B, Hemoglobin subunit delta levels were examined as a blood/injury biomarker. Individuals with levels 1.5 fold higher than the mean were considered to have an injury signature. Vaginal drying independently was significantly associated with an increased risk of injury (P = .01), as was DMPA (P = .004), and the combination of DMPA use and vaginal drying together was associated with an even greater injury signal (P = .0001). Statistical comparisons were performed using unpaired Student's t tests. The comparisons shown are between each separate variable (vaginal wash, vaginal dry, DMPA, and DMPA with vaginal drying) and controls (women who do not vaginal wash or dry or use DMPA) where each variable was adjusted for in its own model. Table 2 ). These included increased levels of blood proteins involved in oxygen transport (HBB, HBD) and cadherin binding (PLEC, SFN TRIM29). Proteins with known roles in focal adhesion and actin cytoskeleton organization (ACTR3, CFL1, EZR, MYH9, PLAUR, ZYX) were significantly lower. Pathway analysis identified phagocytosis as a major inhibited biological function (AZU1, EZR, MYH9, PADI4, PLAUR) (z score < −1.95; P < .002).
A comparative analysis showed that 5 factors were commonly affected by both DMPA and vaginal drying, including lower levels of antimicrobial defense proteins (AZU1, MYH9, TMPRSS11E) and higher levels of hemoglobin proteins (HBD, HBB). Independent adjusted models showed that hemoglobin protein levels were higher in women who practiced vaginal drying (fold change = 1.85; P = .01, Student's t test) and those who used DMPA (fold change = 2.1; P = .004, Student's t test) and that levels were greater still among DMPA users who also practiced vaginal drying (fold change = 3.8; P = .0001, Student`s t test Figure 1B ) compared with controls who did not practice vaginal washing or vaginal drying and did not use DMPA. A multivariate model (Supplementary Figure 2) confirmed this barrier injury signature such that ALAD (delta-aminolevulinic acid dehydratase), a protein involved in porphyrin synthesis and a precursor for hemoglobin production, and barrier inflammation proteins (IL36G, HMGB1, HP) were positively associated with DMPA use. Meanwhile, proteins important for maintaining and repairing the mucosal barrier were concurrently decreased (TFF3, F11R) (Supplementary Table 3 ).
Vaginal Microbial Diversity Associates With Vaginal Drying Practices, But Not Depot Medroxyprogesterone Acetate Use
We identified 486 unique microbial proteins from 18 different genera. Clustering placed the major microbial communities into 2 groups: one dominated by predominantly Lactobacillus species (group I, n = 56, 65.1%) and the other dominated by non-Lactobacillus, including bacteria from the phyla Actinobacteria, Proteobacteria, and Bacteroidetes (group II, n = 30, 34.9%) (Figure 2A and Supplementary Figure 3) . Group I included 2 subgroups, one mainly dominated by Lactobacillus (subgroup A, n = 45, 52.3%), and the other heterogeneous, containing Lactobacillus and Clostridium species (subgroup B, n = 11, 12.8%). Subgroup A species composition was 75% Lactobacillus iners, 14% Lactobacillus crispatus, and 11% other Lactobacillus species. Group II contained two subgroups, one predominantly made up of Gardnerella vaginalis with lower amounts of other anaerobes (subgroup C, n = 27, 31.4%), and a minor subgroup dominated by Pseudomonas and Streptomyces (subgroup D, n = 3, 3.5%).
There was no discernable relationship between DMPA use and vaginal washing with vaginal community structure based on bacterial community profiles or microbial diversity measurements. However, women who practiced vaginal drying had increased bacterial diversity (mean H index ± standard deviation: 0.71 ± 0.46) and lower Lactobacillus abundance compared with those who did not (H index: 0.45 ± 0.36; Mann-Whitney U test, P = .009) ( Figure 2B ).
DISCUSSION
It has been proposed that DMPA and intravaginal practices are associated with an increased risk of HIV acquisition [4, 5, 20, 26, 27] , and the mechanisms behind this enhanced vulnerability have been partly explored but have not been fully elucidated [16, 18, 20] . Our study had several novel observations. First, DMPA use was associated with increased levels of skin inflammatory and hemoglobin proteins with concurrent decreased levels of factors responsible for maintaining the epithelial barrier [28] [29] [30] , repairing damaged mucosal tissues [31, 32] , and mediating inflammation [33] [34] [35] . Second, both DMPA use and vaginal drying independently associated with an increase in blood/injury biomarkers; however, both variables in combination (DMPA + vaginal drying) had the most severe injury signature, suggesting that these factors together may have compounding effects that lead to epithelial barrier weakness. Finally, vaginal microbiome alterations are evident in women who practice vaginal drying, leading to increased bacterial diversity and higher levels of anaerobic bacteria known to be associated with increased risk of HIV [36] .
Depot medroxyprogesterone acetate has been previously associated with vaginal barrier thinning and weakness [37, 38] , although this has not been the case in all studies [39, 40] . Maintaining a coherent epithelial barrier is critical for preventing migration of viruses into vaginal tissue [41] . Our findings suggest that these functions are impaired in women using DMPA, exemplified by signatures of activated bleeding and inflammation pathways, which could increase vulnerability to cervicovaginal barrier damage, particularly when faced with mechanical stress experienced during coitus. Indeed, our multivariate model showed an inverse relationship between increasing skin inflammatory proteins, including zonulin, with decreasing wound repair factors, such as trefoil factor 3, among DMPA users, which collectively could contribute to increased tissue permeability due to their known functions in tight junction disassembly [42] and tissue repair [31] . This agrees with observations of ectocervical thinning, decreased epithelial junction proteins, and an increase in barrier permeability with DMPA use by in vivo evaluation and from animal models [43, 44] . Signatures of inflammatory proteins involved in immune cell recruitment to sites of tissue injury-IL36G and HMBG1-were also upregulated [45, 46] . Although this study was not designed for the purpose of enumerating cervicovaginal immune cells, this agrees with previous observations of increased cervicovaginal HIV target cell numbers with DMPA use [20] and may represent pathways that are affected by DMPA underlying or driving their recruitment. Collectively, this suggests a model where epithelial damage at the molecular level of the genital mucosa affects barrier function, allowing HIV greater access to susceptible target cells, which are likely higher in frequency (Figure 3) .
Another critical component of vaginal health is the composition and function of the microbial community found within this compartment. Indeed, Lactobacillus-dominant communities are known to be important for vaginal health, as the secretion of lactic acid and antimicrobial peptides helps to maintain a low vaginal pH and deter opportunistic pathogens. A shift to other community types that contain facultative anaerobes or anaerobic bacteria such as Gardnerella vaginalis, Prevotella, Mobiluncus, Atopobium, as well as others, are associated with adverse reproductive health outcomes [15, 47, 48] . Here, we report that vaginal drying practices are associated with increased bacterial diversity and higher levels of heterogeneous communities containing G. vaginalis, with increased inflammatory signatures. This has particular relevance to HIV risk, given that women with higher microbial diversity and non-Lactobacillus communities have higher mucosal inflammation [49] , increased target cells [25] , and an impaired ability to repair wounds [21] . Therefore, vaginal drying practices may exacerbate HIV risk in women through modulation of vaginal microbiota, which could have consequences on mucosal barrier function and stimulation of cellular inflammatory processes.
This study was limited in that it was not designed to study DMPA usage. Menstrual cycle information was not available, and it is possible that inflammation signatures may have been affected by changes between menstrual cycle phases [23] . However, a comparison of our DMPA data set with these menstrual cycle data sets showed these signatures had little overlap (5%, 3 proteins), thus supporting the idea that the molecular signatures observed were likely restricted to DMPA use. Furthermore, samples were not collected from women who self-reported being on their period or were visibly menstruating.
In summary, DMPA use was significantly associated with signatures of epithelial wounding and reduced levels of proteins important for tissue repair. Intravaginal drying was associated with injury biomarkers and increased bacterial diversity that are related to increased mucosal inflammation [25] , impaired wound healing [21] , and increased HIV infection risk. This study provides new insight into the impact of DMPA use and vaginal drying on mucosal barriers, and future investigations are needed to confirm their relationship to HIV susceptibility risk in women.
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Disclaimer. The contents of this manuscript are solely the responsibility of the authors and do not necessarily represent the official views of the Figure 3 . Model of molecular effects of depot medroxyprogesterone acetate (DMPA) use on the vagina mucosa. The use of DMPA is associated with a molecular signature, which suggests that the genital epithelium is weak and likely more prone to injury when faced with any kind of mechanical stress. Breach signals are evident, leading to an increase in the release of inflammatory molecules, which serve to attract immune cells to the breach site. Proteins involved in this inflammatory signalling cascade are increased in women using DMPA, whereas mucosal protection and repair proteins are reduced. This lack of mucosal protection and reparation may further exacerbate risk of human immunodeficiency virus (HIV) infection in DMPA users as the portal of entry that is generated is likely slow to heal. Further to this, DMPA users who practice vaginal drying appear to exacerbate this phenomenon, which likely contributes to an even great risk of HIV infection due to this compounding effect.
